Abstract: Karst rocky desertification (KRD) is a process of soil desertification, which leads to the decline of soil quality and biomass. We conducted a plant community survey in KRD areas in Chongqing, China. Our aims were to determine key soil properties that shape plant communities and to identify essential leaf functional traits (LFTs) in responding to the progression of KRD. The vegetation survey was carried in a total of twenty study sites (five replicates for four stages of KRD) in the Wushan County in Chongqing, China. Leaves were collected from all the species in every site and measured/calculated for five LFTs, namely, specific leaf area, leaf area, leaf thickness, leaf tissue density, and leaf dry matter content. Soil samples were collected in triplicates in each site to measure soil properties. We found that the overall richness and diversity of community decreased along with the progression of KRD. Phanerophytes predominated in all the KRD areas. Soil pH was the main determinant of vegetation structure. Leaves with lower area yet higher density had the optimal adaptability in KRD regions, which can be planted as pioneer vegetation to restore land in KRD regions.
Introduction
Karst is a type of landscape, in which the eco-environment is fragile, and the land is susceptible to soil erosion (Wang et al. 2004b ) . Karst rocky desertification (KRD) is a process of land degradation, resulting in desert-like landscape. KRD is classified into no KRD (NKRD), latent KRD (LKRD), moderate KRD (MKRD), and severe KRD (SKRD) based on bedrock exposure and vegetation cover (Jiang et al. 2014 ). One of the major consequences of KRD is the deterioration of soil quality, characterizing with loss of soil, water and nutrient content and decline of soil capacity, productivity, and biomass (Xu et al. 2013 , Zhang et al. 2016 . Additionally, soil in karst region is thin and inadequate to retain water. Altogether, karst areas have low environmental capacity and stability yet high ecosensibility and poverty rate (Xu and Zhang 2014a) .
Soil property and vegetation are two of main factors related to the progression of KRD (Xu and Zhang 2014b) . Soil properties such as pH, water content, and nutrient accessibility have correlations with the severity of KRD ( Wang et al. 2004a , Zhang et al. 2006 . Similarly, vegetation cover and community composition change in accordance to the gradient of KRD (Zeng et al. 2007 ). The deforestation specifically occurs along with the progression of KRD (Jiang et al. 2014) . Some restoration strategies are proposed to recover the ecosystem in KRD regions; one of methods is to anthropogenically increase well adapted plants to expand vegetation cover (Yongrong et al. 2008 , Jiang et al. 2014 . Some studies investigated plant communities and their succession in KRD regions in southwest of China, especially in Guizhou, Yunnan and Guangxi Zhuang Autonomous Region (Zeng et al. 2007 , Zhao et al. 2014 . Few case studies, however, documented KRD related vegetation and soil variables in Chongqing. Furthermore, little is focused on understanding the adaptive strategy of plants in KRD regions. Plants are able to alternate their functional traits such as root and leaf to utilize resources to the maximum, thereby adapting to challenging environments (Diaz et al. 1998, Westoby and Wright 2006) . Leaf functional traits (LFTs) are one of major characters for plants to facilitate environmental adaptations. For instance, specific leaf area (SLA) is positively correlated with leaf growth and turnover rates. Plants with higher SLA are more abundant in fertile soil (Wright et al. 2001 , Wright et al. 2002 . Moreover, thicker leaves (e.g., higher leaf density and leaf dry matter content) have better tolerance to limited water and nutrient resources (Antúnez et al. 2001 , Nautiyal et al. 2002 , Ackerly and Cornwell 2007 . Although many studies focused on the causes and consequences of KRD, few aimed to associate the succession of plant community and LFTs reciprocating to the recession of KRD (Li et al. 2009 , Yangbing et al. 2009 , Bai et al. 2013 ,
In this study, we investigated plant communities in karst regions in the Wushan County in Chongqing, China. We evaluated ten soil variables and five LFTs, namely specific leaf area (SLA), leaf area (LA), leaf thickness (LT), leaf tissue density (LTD), and leaf dry matter content (LDMC) in each stage of KRD, in order to understand the adaptive strategy of plants to unfavorable environments via the alternations of LFTs. Our hypotheses were 1) the alternations of soil properties owing to desertification significantly affected the vegetation and 2) plants alternated physiological features, such as LFTs to cope with harsh environments. More specifically, vegetation with smaller and/or thicker leaves had more advancements of reserving limited resources in SKRD regions. To address our hypotheses, we 1) conducted vegetation survey in KRD regions, 2) analyzed and determined the main driving factors shaping the plant community, and 3) identified LFTs that facilitate the adaptability of plants in SKRD areas.
Materials and methods

Study area
The Wushan County locates in the northeast Chongqing (N 30°46'-31°28', E 109°33'-110°11'), in which exists up to 96% mountain area (Fig. 1) . The major soil types in KRD regions are Xanthic Ferralsols and Haplic Luvisols classified by following guidelines of Food and Agriculture Organization of the United Nations (FAO) (Gong 2001) . The Xanthic Ferralsols mainly distribute in the hilly and low-mid mountain zone that is below 1500 m of altitude. The surface soil has 10-30 cm humus layer that is comprised of decomposed or semi-decomposed litters. The layer below humus is compacted illuvium with yellow or claybank color. The Haplic Luvisols mainly distribute in the karst landscape with anticlinal structure and neutral to slight alkaline soil pH. The bed- rock in study site is composed of limestone, clastic carbonate, and dolomite.
The susceptibility of land to desertification in the Wushan was determined via remote sensing (RS) and geographic information system (GIS) technologies in a previous study (Liu et al. 2011) . The KRD susceptibility was evaluated on the basis of rocky property, topography, and vegetation. The assessment of KRD susceptibility integrates studies on the ecosystem in KRD regions and reveals the spatial distribution of desertification process. The overall KRD susceptibility in the Wushan County is that: 568 km 2 (19%) of land is highly susceptible, 1498 km 2 (51%) of land is susceptible, 685 km 2 (23%) of land is moderately susceptible, 6 km 2 (0.2%) of land is slightly susceptible, and 199 km 2 (7%) of land is not susceptible to KRD. In order to study functional traits and species distribution in responding to different stages of KRD process in this study, experimental sites were evaluated and classified into four groups, namely no KRD (NKRD), latent KRD (LKRD), moderate KRD (MKRD), and severe KRD (SKRD) based on vegetation cover rate and bedrock exposure rate (Table 1) . The map of sampling sites is shown in Fig 1; a total of twenty sampling stations (20 m × 20 m) were chosen, five for each stage of KRD.
Plant community investigation
The forest community existed in N-and LKRD areas, while the shrub-grassland community did in M-and SKRD. Plant community composition was evaluated using the typical quadrat sampling method. Each quadrat was chosen to represent common and/or dominant species, the endemics of the ecosystem and diversity, richness, and evenness of the community. Briefly, five quadrats (20 m × 20 m) were chosen for each stage of KRD; three sub-quadrats (6 m × 6 m) were randomly chosen within the quadrat frame. Each plot was divided into tree-, shrub-and grass-layers. All the trees, shrubs and grasses were investigated for the species, height, amount, density, and cover. Species importance value (IV) was used to represent the ecological dominance of species during community succession. The importance value was calculated as the sum of relative density (RD), relative cover (RC), and relative frequency (RF). RD = D i /∑D i , RC = C i /∑C i and RF = F i /∑F i , where D is the density, i is a species in the community, C is the cover, and F is the frequency. Margalef index (R) was calculated to determine the richness of vegetation; Shannon index (H) was for community diversity and Alatalo index (E) was for evenness: 
107
The forest community existed in N-and L-KRD areas, while
108
The vegetation community composition was evaluated using 119
Qi et al.
5
was for evenness.
Where S is the total number of species in the community, N is the total number of individual in the community, and 123 P i is the proportion of individuals found in a species.
124
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Soil variables measurement
Soil samples in organic horizon (0 -20 cm) were randomly collected in each quadrat in triplicates. All the soil samples were sent to the Key Laboratory of Eco-environments in Three Gorges Reservoir Region to measure the physicochemical properties by following the protocols described in the literature (Li and Shao 2006) . pH, soil organic matter (SOM), soil field moisture capacity (SFMC), soil capillary moisture capacity (SCMC), soil bulk density (SBD), soil porosity (SP), and soil water content (SWC) were measured to represent soil properties. Vegetation cover, bedrock exposure rate, and soil depth were estimated in the field.
Leaf functional traits measurement
The entire vegetation was investigated in each sampling site; every species was carefully collected in triplicates. Five mature and healthy leaves from each plant were collected and measured for LFTs in triplicates. Leaves were scanned (CanoScan LiDR100, Cannon, Inc.) and then dried in 105 °C for 15 minutes, followed by incubation in 60 °C till constant weight. Five LFTs were evaluated in this study, namely LA, SLA, LT, LTD, and LDMC following the measurement instructions of the handbook (Pérez-Harguindeguy et al. 2013 ). Briefly, LT was measured at the position between the border and the midrib, between the tip and the base of the leaf; the important secondary veins was excluded. LA was calculated with the scanned images using software Image J (Schneider et al. 2012) . LTD was calculated by using leaf dry weight (LDW) divided by leaf volume (LV). SLA was calculated by using LA divided by LDW. And LDMC was calculated by using LDW divided by leaf fresh weight.
Statistical analyses
Sampling field map was generated by using Pearson Origin 8.6 (OriginLab, Northampton, MA). One-way analyses of variance (ANOVA), uncorrected Fisher's least significant difference (LSD) test and Pearson correlation analyses were performed by using R 3.3.2 statistical software (Team 2013). One-way ANOVA followed by uncorrected Fisher's LSD test were used to determine if soil properties and LFTs were significantly different in each KRD region. All the soil properties and LFTs had three biological-and technologicalreplicates. Soil properties were considered significantly different from one another if the P value was lower than 0.05. The significant differences of LFTs in each sites were determined with the same criteria (P < 0.05).
The heat maps were generated by using the gplots package in R (Warnes et al. 2013) . Heat maps were used to illustrate changing patterns of soil properties and LFTs in each KRD site. The dendrogram was used to show the similarity of soil properties and LFTs in KRD regions. Clustering was performed based on a matrix of Euclidean distances and complete linkage agglomeration. The Z-score was used to normalize data in order to demonstrate differences between samples. Colors white, yellow, and red, which can be interpreted as standard deviations from means, were assigned to each data point after Z-scoring. The relative values were presented as red, yellow, and white colors, such that red indicated relatively high values, yellow was for relatively medium values, and white was for relatively low values.
Distance-based redundancy analysis (db-RDA) and Monte Carlo permutation test were performed by using vegan package in R (Oksanen et al. 2014 ). The db-RDA was used to perform the direct gradient analysis, which constrains and accumulates explanatory variables on the ordination axes (RDA1 and RDA2). In this study, db-RDA was employed to determine distribution patterns of species and to measure the amount of variations explained by soil variables. The plant community structure was represented by IVs of all the species found in sites. The importance values were used to estimate community composition instead of the count number of species due to the highly variable population in sites. More importantly, IV weights count, density, and frequency of a species within a community, truly reflecting how a species dominates in an area. The db-RDA was employed to partition species and to explore how soil properties variables explained variations of community compositions. The two ordination axes (RDA1 and RDA2) were constructed by constraining an entire set of explanatory variables, ten soil properties in this study. The spatial distribution of plant community structure and driving factors of soil properties were determined by using db-RDA. Significance was evaluated by Monte Carlo permutation test. Furthermore, the significance levels of soil properties shaping plant communities were evaluated by Monte Carlo permutation test (shown as P values). Specifically, the Monte Carlo permutation approach (n=999) was used to randomize and generate the statistical significant/ correct conclusion under a null hypothesis, which was that none of soil properties significantly affected plant community structure in this study.
LDA Effect Size (LEfSe) was used to determine plants that significantly responded to environmental changes (Segata et al. 2011) . More specifically, the non-parametric factorial Kruskal-Wallis (KW) sum-rank test was first used to detect species with abundant differences among KRD regions (P < 0.05). The unpaired Wilcoxon rank-sum test was used to compare abundant differences of each species in all the KRD areas (P < 0.05). Linear Discriminant Analysis (LDA) was applied to calculate the effective size of each abundance difference. The LDA scores were normalized by log10.
Results
Plant community composition in different stages of KRD
To address the first aim, a vegetation survey was conducted in all the KRD sites. A total of 99 species were found in all the KRD areas. Detailed information on the plant community in each KRD region was listed in Table S1 (Electronic Supplement). Overall, Miscanthus sinensis, Coriaria nepalensis, Cotinus coggygria, Rhus chinensis, Arthraxon lanceolatus, and Heteropogon contortus were the most common species found in KRD regions. The diversity and richness of plant communities declined significantly (P < 0.05) along with the gradient of land desertification in shrub layer (Table  2) . In grass layer, the overall trends of richness and diversity decreased significantly (P < 0.05) in accordance with the progression of KRD, with an exception found in MKRD sites. More specifically, only the richness and diversity in the grass layer in MKRD were significantly (P < 0.05) higher than them in the other of regions. Such exception did not necessarily indicate vegetation recovery in MKRD; it rather suggested that the deforestation and transition of primary layer from shrub to grass occurred significantly in MKRD.
All the species found in study fields were assigned to Raunkiaer's life-form classes (Raunkiaer 1934) , namely phanerophytes, therophytes, geophytes, chamaephytes, and hemicryptophytes (Fig. 2) . Overall, results showed that phanerophytes (37.8%, 56 species) predominated in all the KRD areas, followed by therophytes (20.3%, 30 species), whereas geophytes (18.2%, 27 species) and chamaephytes (16.9%, 25 species) were the minorities. Hemicryptophytes (6.8%, 10 species) had least abundance; seven species were found in NKRD that belonged to hemicryptophytes, while one species was found in each degraded area. Furthermore, phanerophytes were mostly abundant in NKRD region (41.8%). The predominance of phanerophytes was diluted by therophytes, geophytes, and chamaephytes in degraded areas.
Soil variables and leaf functional traits in different stages of KRD
To address the second aim, a total of ten soil properties and five LFTs were measured in KRD sites. One-way ANOVA (Table S2 ) was used to determine differences of soil properties among KRD areas. Overall, soil pH, SCMC, SDB, SP, vegetation cover, bedrock exposure, and soil depth were significantly different along with progression of KRD. The relative comparisons and trends of soil variables in KRDs were shown as a heat map in Figure 3a . The clustering results indicated that soil variables in SKRD were quite different from those in NKRD. Fisher's uncorrelated LSD test was Analysis of variance (ANOVA) followed by uncorrected Fisher's LSD test were used to determine the significant difference between variables. Different letters are assigned to significant difference, P< 0.05. no KRD (NKRD), latent KRD (LKRD), moderate KRD (MKRD) and severe KRD (SKRD). R, Margalef index for richness; H, Shannon index for diversity and E, Alatalo index for evenness. used to determine the significant differences of soil variables in each KRD region. Values of soil variables are shown in Table S4 . Compared to those in NKRD sites, SOM, SP, and bedrock exposure increased significantly in SKRD regions;
whereas vegetation cover and soil depth decreased significantly in SKRD areas (P < 0.05).
The changing trends of soil properties indicated that 1) soil pH significantly increased along with soil desertifica- tion due to soil erosion and parent material exposure, 2) the increased soil porosity in degraded land was due to the deterioration of soil physical structure, and 3) the higher soil surface runoff rate and bedrock exposure rate occurred in degraded soils. The overall trends of soil properties indicated the declines of soil fertility and soil health in SKRD areas. Furthermore, soil erosion not only caused loss of soil fertility, it also resulted in deterioration of soil physical structures. Larger soil porosity found in SKRD sites correlated with weaker water holding capacity. Soil with limited water holding capacity is saturated with water much sooner, excess water and certain nutrients are substantially easy to be washed out from top soil. Altogether, soil quality in SKRD region was significantly declined as indicated by high soil pH, weak water holding capacity, and disturbed soil structure.
One-way ANOVA was used to determine differences of LFTs in KRD sites (Table S3) . Overall, SLA, ST, STD, and LDMC were significantly different among KRD regions. The other heat map (Fig. 3b) showed the comparisons and changing trends of five LFTs in accordance to the progression of KRDs. Clustering results indicated that species with similar functional traits were mostly found in M-and LKRD areas; whereas species with particular LFTs in NKRD were remarkably different from those in severely degraded land. The clustering results demonstrated strong differences of functional traits distributed among degraded lands, especially between no desertification and severely degraded soil. One-way ANOVA results are showed in Table S4 and values of LFTs in KRDs are shown in Table S5 . Overall, SLA and LA deceased significantly (P< 0.05) along with the land degradation slope. Values of SLA were found the lowest in where Soil organic matter (SOM), soil field moisture capacity (SFMC), soil capillary moisture capacity (SCMC), soil bulk density (SBD), soil porosity (SP), and soil water content (SWC). All the species are labeled by red crosses.
SKRD areas, indicating that plants with smallest SLA were the most abundant in SKRD sites. On the contrary, LT and LDMC were found the highest in SKRD regions, suggesting that plants with the thickest leaves predominated and adapted well in harsh environments. In summary, results demonstrated patterns of preferential distribution of functional traits in SKRD sites. More specifically, vegetation developed better surviving strategy by having smaller yet thicker leaves in severely degraded soils.
Effects of soil variables on plant community composition
The distance-based redundancy analysis (db-RDA) (Fig.  4) followed by Monte Carlo permutation test (Table 3) were used to test the first hypothesis, which suggested that certain soil properties significantly affected plant community structure. The db-RDA elucidated the distribution patterns of species responded to a set of ten soil properties in KRD regions. The combination of ten soil variables had significant correlation with vegetation structure (F = 2.6, P < 0.001). All the environmental factors explained 74.2% of the community variation, whereas 25.8% of the variation was not explained by any of the factors. Within the explainable portion, RDA1 captured 64.3% of variation, while RDA 2 had 11.0% of variation. Along RDA1, pH (r 2 = 0.417) was the most important determinant for plant community composition, followed by vegetation cover (r 2 = 0.068) and soil depth (r 2 = 0.064). On the second axis (RDA2), SBD (r 2 = 0.032), bedrock exposure (r 2 = 0.031), and SP (r 2 = 0.030) were found affecting vegetation. The db-RDA results indicated that soil pH was the major driving factor shaping the plant community.
In order to further illustrate community differences among KRD regions in higher resolution, the LEfSe analysis (Fig. 5 ) was used to identify species that responded significantly to pH (pH 5-6, 7-8 and 8-9). LEfSe results were calculated on the basis of non-parametric factorial Kruskal-Wallis (KW) sum-rank test to detect species with significant differences in abundance (P < 0.05). Results showed that C. breviculmis and L. gracile were the most abundant in soil with pH 5-6 (NKRD). The dominance of C. breviculmis and L. gracile in NKRD might be explained as 1) C. breviculmis and L. gracile showed preferences for acidic soil and 2) C. breviculmis and L. gracile are shade-tolerant plants that commonly colonized under Pinus massoniana, which were found plenty in NKRD areas. M. sinensis and A. ageratoides were the most abundant plants in regions with pH 7-8 (L-and MKRD). Both M. sinensis and A. ageratoides are rapidly growing plants with high reproductive rates to outcompete other species, which ascribe to the predominance of these two species in neutral and slightly alkaline soil. H. contortus, A. lanceolatus, and C. coggygria dominated in land of pH 8-9 (SKRD), indicating that plants that were xenophile and calciphile adapted well in harsh environment. More specially, the dominant plants in SKRD were featured with well-developed roots, high metabolic efficiency, and high alkali tolerance.
Discussion
We found that the diversity and richness of vegetation declined in response to progression of KRD in the Wushan County in Chongqing, China. We further determined that soil pH was the key driving factor in shaping plant communities in KRD regions, followed by vegetation cover rate, and soil depth. Moreover, we found that plants with thicker leaf and smaller leaf area had the best adaptability in SKRD areas. This study fills the knowledge gap of vegetation evaluation in KRD regions in Chongqing, identifies species that thrive in SKRD land, and paves the pathway of promoting vegetation cover as part of land restoration plan in KRD areas.
The progression of KRD threatens ecosystem, deteriorates soil quality, and affects geomorphology globally. Soil functions such as facilitating vegetation growth, regulating water supplies, and recycling nutrients are impaired due to soil desertification. With an increasing number of studies aiming to prevent KRD and restore soil conditions, one of the promising strategies is to promote the soil-plant interaction to facilitate soil recovery (Wang et al. 2004b , Xiao and Weng 2007 , Peng and Wang 2012 . The specific approach involves planting well-adapted species to increase vegetation cover and diversity, thereby preserving soil quality and content. Such method, however, can only be feasible when comprehensive information on vegetation and soil conditions is available in particular KRD regions. Different stages of KRD are characterized with different soil properties, to which plants have different surviving strategies.
To address our first aim, we found that the overall richness and diversity of vegetation significantly decreased along with the progression of KRD. Similar results reported in other studies also indicated that vegetation richness and diversity decrease with the succession of KRD in south China (Zeng et al. 2007 , Sheng et al. 2016 ). Such deconstruction is mainly due to the degeneration of soil quality, for instance declining of water retention and soil depth, and hardening soil texture. Extreme climates like seasonal drought or flood often occur in the KRD regions owing to the weak soil capillarity, leading to inadequate water possession in soil (Hacke et al. 2000) . The harsh environments hamper plants' physiological activities like photosynthesis, growth, and seeding; therefore, only limiting number of species with strong adaptive abilities can thrive in KRD areas (Liu et al. 2009 ).
By classifying plants into Raunkiaer's life-forms, we determined that phanerophytes were prevalent in all the KRD areas. Studying Raunkiaer's life-form helps to reveal the most striking features of plants in responding to unfavorable environments, weak soil water retention and high pH in our case. Phanerophytes use and store soil moisture effectively to enforce transpiration and photosynthesis in severe environments (Pariente 2002) . Furthermore, unlike species with naked buds, phanerophytes which are equipped with scaled buds prevail in drought or cold environments (Nitta and Ohsawa 1998) . The predominance of phanerophytes in KRD regions restrains the rates of soil erosion and nutrient loss in the soil.
To address our second aim, we found that soil pH was the main driving factor in shaping plant communities in KRD regions. The result is similar to previous studies suggesting that pH is the major determinant of vegetation richness (Caley and Schluter 1997 , Chytrý et al. 2003 , Tuomisto et al. 2014 . High soil pH in KRD regions is mainly due to the erosion of the limestone. It is worth mentioning that soil water content positively correlates with pH in calcareous soil (pH ≥ 7.2) (Misra and Tyler 1999) . Soil pH and moisture together serve as filters in the regional floras to separate calcicoles and calcifuges in calcareous soil. In this study, only the soil in the NKRD regions had a pH value lower than 7.0. Soil that underwent desertification had higher pH and water content. Soil pH and moisture synergistically impede up-taking nutrients in plants, which causes deterioration of vegetation (Misra and Tyler 1999) . The progression of KRD affected plant community composition by causing selective soil conditions that only certain species could thrive. In this study, we found that M. sinensis and A. ageratoides predominated in L-and MKRD regions (pH 7-8). C. breviculmis and L. gracile showed preferences in growing in SKRD (pH 8-9), suggesting the potential plantation to increase vegetation cover.
Furthermore, we found that soil properties changed dramatically during the succession of KRD. Soil pH, SOM, SCMC, SFMC, SWC, SP, and bedrock exposure were higher in SKRD than in NKRD. SBD, vegetation cover, and soil depth were lower in SKRD. SP and SBD were negatively correlated. Lower SBD indicates higher water/air permeability and weaker soil water retention (Peng and Wang 2012) . Thus, higher soil surface runoff rate and more loss of nutrients occur in SKRD regions. The results of this study are consistent with previous research, determining soil quality declines along with the aggravation of KRD (Lu et al. 2014 . The structure of vegetation undergoes dynamic fluctuations as the results of the interaction between plants and soil properties (Westoby and Wright 2006) . Thinner soil and higher bedrock exposure rate are unfavorable for trees and shrubs to colonize; therefore, the stratification is deformed along with the progression of KRD, and the grass-layer becomes the primary layer in SKRD. It is worth mentioning that even though SOM increased significantly, the higher content of SOM does not indicate better soil quality in SKRD areas. Possible explanations of high SOM content in SKRD sites are 1) the highly exposed and dissolved limestone results in higher SOM and 2) several annual herbs that predominate in SKRD regions are prone to produce litters contributing to the accumulated SOM content (Zhong et al. 2006 ).
The changes of LFTs significantly correlated with the gradient of KRD. To address the third aim, we found that SLA and LA significantly decreased in SKRD, whereas LT, LTD and LDMC significantly increased. Plants with lower SLA have longer leaf longevity, slower leaf turnover, and growth rates, and maximum photosynthetic rates (Kramer et al. 2000 , Wright et al. 2001 , Wright et al. 2002 , Burns 2004 . Species with thicker leaves also have longer leaf-lifespan owing to the lower photosynthetic rate (Wright et al. 2002, Escudero and Mediavilla 2003) . Similarly, we found that vegetation with lower leaf area yet higher density predominated in SKRD areas. Our results are consistent with previous studies suggesting that the predominant species in barren land are the ones with leaves that have long life-spans, low growth rates, and high storage capacity of water and nutrients (Orwin et al. 2010) .
LFTs indicate essential survival strategy and physiological alternations in reciprocating to progression of KRD. Soil variables in KRD regions, in turn, have directional effects on crucial LFTs for plants to adapt in KRD areas. We found that soil pH and SFMC had negative correlations with SLA and LA, while SBD had positive correlation with LDMC. The leaf plays important role in the plant-water transportation and regulation system, regarding transpiration, photosynthesis, and thermoregulation (Voncaemmerer and Farquhar 1981 , Jarvis and McNaughton 1986 , Collatz et al. 1991 , Krause and Weis 1991 . It is well established that small leaf size correlates with better adaptation for plants in the environment with low water and nutrient contents (McDonald et al. 2003 , Yates et al. 2010 . Soil in SKRD areas lacks of the water retention due to the thin soil layer and large bulk density. Small leaf addresses the limiting water resource via water loss control, by decreasing transpiration rate yet increasing stomatal density (Yates et al. 2010) . Altogether, our results corroborate with previous studies, determining that high water permeable in soil drives the leaf development toward small leaf area.
Higher LDMC indicates better storage capability of water and nutrients in plants (Lambers and Poorter 1992 , Gower et al. 1993 , Wright et al. 2005 . Additionally, high LDMC is especially beneficial in drought due to the optimal water use efficiency (Song et al. 2008) . Soils in SKRD regions have higher SBD, which indicates higher water permeability, thus weaker water retention ability. The positive correlation between SBD and LDMC reveals another surviving strategy of plants: compiling water in leaves to ensure the essential physiological functions.
Our results revealed community structures under the influences of KRD. The progression of desertification decreases plant diversity, richness, and cover in the land. We also determined the main environmental driving factors for shaping the plant community. Finally, we found relationships between soil properties and LFTs, and the dominating species that adapt well in SKRD areas.
The lack of continuous soil properties data, however, hinders us to reveal the relationships of soil variables with vegetation in a comprehensive perspective. Our plan is to conduct seasonal soil sampling and vegetation survey to systematically analyze the effects of KRD. Litter deposition and leaf nutrient contents also have impacts on soil properties. Wind, however, disturbs litter deposition in the study field and makes it difficult to collect samples. Microbiome affects plant distribution and nutrient up-taking. One of our ongoing studies is to understand how soil microbiome affects plant community composition in KRD areas using illumine HiSeq sequencing method. Open Access. This article is distributed under the terms of the Creative Commons Attribution 4.0 International License (https:// creativecommons.org/licenses/by/4.0/), which permits unrestricted use, distribution, and reproduction in any medium, provided the original author and source are credited, you give a link to the Creative Commons License, and indicate if changes were made. Table S1 . Summary of species survey. Table S2 . One-way ANOVA results of soil properties. Table S3 . One-way ANOVA results of leaf functional traits. The tables may be downloaded from www.akademiai.com.
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